INTRODUCTION {#s1}
============

GBM is the most common and malignant subtype of primary brain tumors, accounting for 54.4% of primary brain and CNS gliomas \[[@R1]\] and exhibiting extremely aggressive biological behavior, with the progressive invasion of wide areas of the brain parenchyma \[[@R2]\]. The current standard of care combines maximal surgical resection, followed by radiotherapy with concomitant and adjuvant temozolomide \[[@R3]\]. Despite this multimodal approach, median survival is limited to 16 to 19 months, with approximately 25% to 30% of the patients alive 2 years after diagnosis \[[@R3]--[@R5]\].

GBM consists of a genetically and phenotypically heterogeneous group of tumors \[[@R6]\]. Ninety percent of GBM cases develop *de novo* (primary glioblastoma) from normal glial cells via multistep tumorigenesis. The remaining 10% of GBM cases are secondary neoplasms, developing through progression from low-grade tumors (diffuse or anaplastic astrocytomas), which takes approximately 4--5 years. Secondary GBM grows more slowly and has a better prognosis than the *de novo* case, which develops within 3 months \[[@R7], [@R8]\]. Although these two types show no morphological differences, the genetic basis and the molecular pathways are different \[[@R6]\], with TP53 mutations occurring more commonly in secondary GBM and EGFR amplifications and PTEN mutations occurring more frequently in primary GBM \[[@R6], [@R9]\].

Overall, the aberrant amplification, deletion or mutation of at least one receptor tyrosine kinase (RTK) has been found in 67.3% of GBM, with EGFR accounting for 57.4% \[[@R10]\]. Importantly, approximately 50% of patients with EGFR amplification harbor a specific mutation known as EGFR variant III (EGFRvIII, de2-7EGFR), which is characterized by the deletion of exon 2--7, resulting in an in-frame deletion of 267 amino acid residues from the extracellular domain \[[@R11], [@R12]\]. This deletion generates a receptor that is unable to bind a ligand, yet is constitutively, but weakly, active \[[@R13]\]. Continuous, low-level activation leads to impaired internalization and degradation of the receptor, causing prolonged signaling \[[@R14]\]. EGFRvIII has been identified in GBM, lung, ovarian, breast cancers, and glioma, but has never been identified in normal tissue \[[@R15], [@R16]\], correlating with poor prognosis in the clinic \[[@R17], [@R18]\]; therefore, it is an attractive therapeutic target. Monoclonal antibodies (mAbs), including mAb806 and CH12 (a mAb developed in our lab), which could selectively bind to EGFRvIII have been demonstrated to be capable of efficiently suppressing the growth of EGFRvIII-positive tumor xenografts \[[@R19], [@R20]\]. Additionally, in a phase I study, ch806 (a chimeric antibody derived from mAb806) displayed significant accumulation in cancer tissues without definite uptake in normal tissues \[[@R21]\].

PTEN is a lipid phosphatase with a canonical role in turning-off PI3K/AKT/mTOR signaling \[[@R22]\], a pathway of the RTK downstream signal (including the EGFR family), which plays important roles in regulating tumor proliferation, differentiation, migration and survival \[[@R23], [@R24]\]. PTEN is deleted in 50%--70% of primary GBM and 54%--63% of secondary cases, and it is also mutated in 14%--47% of primary cases \[[@R25]\]. Co-expression of EGFRvIII and PTEN was significantly associated with a clinical response to EGFR inhibitors \[[@R26]\]. PTEN deficiency causes the activation of PI3K/AKT/mTOR pathway and leads to the resistance to EGFR inhibitors and the overall survival of patients shortening \[[@R23], [@R24]\]. Therefore, the inhibition of the mTOR signaling pathway has been considered to be an attractive treatment strategy for PTEN^−^ GBM \[[@R24], [@R27]\].

Rapamycin and its analogs have demonstrated efficacy in GBM by inhibiting the mTOR pathway and inactivating the vital downstream kinases, the p70S6 kinase and the eukaryotic initiation factor 4E binding protein-1(4E-BP-1) \[[@R28]\]; however, most clinical trials using inhibitors of the components in this pathway as monotherapies have failed to demonstrate survival benefit in glioblastoma patients \[[@R29]\]. For instance, temsirolimus, a dihydroxymethyl propionic acid ester of rapamycin, suggested initial disease stabilization in approximately 50% of patients, but the durability of response was short because of the narrow safety window \[[@R30]\]. It is worth determining whether combining the anti-EGFRvIII antibody CH12 with rapamycin might reduce the dose of rapamycin necessary or boost its efficacy in EGFRvIII^+^PTEN^−^ GBM. Therefore, in this study, we evaluated the efficacy of rapamycin and CH12 monotherapy and the combination in EGFRvIII^+^PTEN^−^ GBM and elucidated the molecular mechanisms underlying their antitumor effects.

RESULTS {#s2}
=======

CH12 significantly suppressed the growth of EGFRvIII^+^PTEN^−^ glioblastoma *in vivo* {#s2_1}
-------------------------------------------------------------------------------------

To determine the efficacy of CH12 in EGFRvIII^+^PTEN^−^ glioblastoma, the nude mice bearing U251-EGFRvIII and U87-EGFRvIII s.c. xenografts were treated with CH12 i.p. three times a week for 2 weeks. As shown in Figure [1A and 1B](#F1){ref-type="fig"}, CH12 significantly inhibited the growth of U251-EGFRvIII and U87-EGFRvIII xenografts in a dose-dependent manner. We investigated the mechanisms underlying the reduction in tumor proliferation caused by CH12 treatment. The results (Figure [1C and 1D](#F1){ref-type="fig"}) showed that CH12 attenuated the phosphorylation of EGFR, AKT and ERK, and that it also inhibited the phosphorylation of STAT5, a transcription factor, regulating gene expression when stimulated by a wide variety of growth factors, hormones, and cytokines and contributing to proliferation in human GBM tumors \[[@R31]--[@R32]\]. The phosphorylation of AKT, however, was not totally inhibited, and no inhibitory effect was found in mTOR pathway. Together, CH12 markedly diminished the growth of EGFRvIII^+^PTEN^−^ glioblastoma *in vivo* via inhibiting EGFR and STAT5 pathway but had no effect in mTOR pathway.

![CH12 significantly suppressed the growth of EGFRvIII^+^PTEN^−^ glioblastoma *in vivo*\
(**A**) Growth curve of U251-EGFRvIII xenografts treated intraperitoneally by control (vehicle) or CH12 at concentrations of 2, 5, or 10 mg/kg three times per week for 2 weeks. (**B**) Growth curve of U87-EGFRvIII xenografts treated intraperitoneally by control (vehicle), or CH12 at concentrations of 10 or 25 mg/kg three times per week for 2 weeks. (**C, D**) The changes in relevant signaling pathways in U251-EGFRvIII and U87-EGFRvIII xenografts were assessed by Western blot after CH12 treatment. The data are expressed as the mean tumor volumes ± SE. Statistical significance is indicated versus control (\**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001).](oncotarget-07-24752-g001){#F1}

Rapamycin inhibited the growth of EGFRvIII^+^PTEN^−^ glioblastoma *in vivo* {#s2_2}
---------------------------------------------------------------------------

To determine the antitumor efficacy of rapamycin in EGFRvIII^+^PTEN^−^ GBM, nude mice bearing U87-EGFRvIII and U251-EGFRvIII xenografts were treated with rapamycin i.p. four times a week. The results demonstrated that rapamycin significantly inhibited tumor growth (Figure [2A and 2B](#F2){ref-type="fig"}). The mechanism study suggested that rapamycin inhibited the phosphorylation of mTOR, p70s6k and 4E-BP-1, but it also activated STAT5 and AKT (Figure [2C and 2D](#F2){ref-type="fig"}). This implies that the individual inhibition of EGFR, STAT5 and PI3K/AKT/mTOR pathway at once a time be a potential therapeutic strategy.

![Rapamycin inhibited the growth of EGFRvIII^+^PTEN- glioblastoma *in vivo*\
(**A**) Growth curve of U251-EGFRvIII xenografts treated intraperitoneally with control (vehicle) or rapamycin at concentrations of 0.2, 0.5, or 1 mg/kg four times per week for 2 weeks. (**B**) Growth curve of U87-EGFRvIII xenografts treated intraperitoneally with control (vehicle) or rapamycin at concentrations of 0.5, 1, or 5 mg/kg four times per week for 2 weeks. (**C, D**) The changes in relevant signaling pathways in U251-EGFRvIII and U87-EGFRvIII cells were assessed by Western blot after rapamycin treatment. The data are expressed as the mean tumor volumes ± SE. Statistical significance is indicated versus control (*\*P* \< 0.05, \**\*P* \< 0.01, \*\**\*P* \< 0.001).](oncotarget-07-24752-g002){#F2}

Combination of CH12 with rapamycin synergistically inhibited the growth of the EGFRvIII^+^PTEN^−^ glioblastoma xenografts {#s2_3}
-------------------------------------------------------------------------------------------------------------------------

To investigate the *in vivo* antitumor effect of the combination of CH12 with rapamycin, mice bearing U251-EGFRvIII and U87-EGFRvIII s.c. xenografts were treated with rapamycin, CH12 or the combination. All animals tolerated the treatments without observable signs of toxicity and had stable body weights during the study. The inhibitory ratios of rapamycin at 0.2 mg/kg, CH12 at 2 mg/kg and the combination of rapamycin and CH12 on day 21 after the first administration were 19.6%, 44.0%, and 65.7% in U251-EGFRvIII xenograft model, respectively (Figure [3A](#F3){ref-type="fig"}); And that of rapamycin at 0.5 mg/kg, CH12 at 10 mg/kg and the combination on day 21 were 32.8%, 31.5%, and 60.3% in U87-EGFRvIII xenograft model, respectively (Figure [3B](#F3){ref-type="fig"}), which suggested that tumor growth was synergistically inhibited by the combination treatment (*P* \< 0.01 versus rapamycin or CH12 treatment alone, CDI \< 1). Tumor weight was measured at the end of the study (Figure [3C and 3D](#F3){ref-type="fig"}), which also indicated that the combination of CH12 and rapamycin had a synergistic antitumor effect in both GBM xenograft model.

![Combination of CH12 with rapamycin synergistically inhibited the growth of EGFRvIII^+^PTEN^−^ glioblastoma xenografts\
Mice bearing U251-EGFRvIII xenografts were treated i.p. with control (vehicle), rapamycin at a concentration of 0.2 mg/kg four times per week, CH12 at a concentration of 2 mg/kg three times per week or the combination of rapamycin and CH12 at the doses used in monotherapy for 2 weeks. Mice bearing U87-EGFRvIII xenografts were intraperitoneally treated with control (vehicle), rapamycin at a concentration of 0.5 mg/kg four times per week, CH12 at a concentration of 10 mg/kg three times per week or the combination for 2 weeks. (**A**) Growth curve of U251-EGFRvIII xenografts. **(B)** Growth curve of U87-EGFRvIII xenografts. (**C**) Tumor weight of U251-EGFRvIII xenografts at the end of the experiment. (**D**) Tumor weight of U87-EGFRvIII xenografts at the end of the experiment. All data are presented as the mean ± SE. *P* \< 0.05 was considered statistically significant. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 versus the control, ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01, ^\#\#\#^*P* \< 0.001 versus the combination group.](oncotarget-07-24752-g003){#F3}

Combination of CH12 with rapamycin significantly extends the survival of mice bearing EGFRvIII^+^PTEN^−^ intracranial glioblastoma tumors {#s2_4}
-----------------------------------------------------------------------------------------------------------------------------------------

To assess the potential efficacy of the combination in an intracranial glioblastoma model, we developed U251-EGFRvIII intracranial xenografts labeled with luciferase to image the tumor volume. For 7 days post implantation, the mice were treated with vehicle (control), C225 (cetuximab, a well-known anti-EGFR antibody), CH12, rapamycin, and the combination of CH12 and rapamycin. The luminescence signal showed that C225, CH12, rapamycin and the combination group inhibited tumor growth, and the combination showed significantly better efficacy than that of monotherapy (Figure [4A and 4B](#F4){ref-type="fig"}). The control group had a median survival of 32 days, whereas mice treated with C225, CH12, rapamycin, or the combination of CH12 and rapamycin had a median survivals up to 43, 57, 36, and 63.5 days, respectively. Compared with monotherapy, the combination extended the median survival significantly (*P* \< 0.001, CH12 or rapamycin versus the combination, Figure [4C](#F4){ref-type="fig"}). Together, the data indicated that the combination of CH12 with rapamycin could synergistically inhibit the growth of EGFRvIII^+^PTEN^−^ glioblastoma xenografts and markedly extend the survival of these mice.

![Combination of CH12 with rapamycin synergistically extends the survival of mice bearing EGFRvIII^+^PTEN- intracranial glioblastoma\
Mice bearing U251-EGFRvIII-luciferase intracranial glioblastoma were treated intraperitoneally with control vehicle, rapamycin at a concentration of 5 mg/kg four times per week, CH12 at a concentration of 25 mg/kg three times per week or the combination for 2 weeks. (**A, B**) Luminescence signals of mice bearing U251-EGFRvIII intracranial glioblastoma after treatment. (**C**) Survival curve of mice bearing U251-EGFRvIII-luciferase intracranial glioblastoma after treatment. The data are expressed as the mean ± SD. *P* \< 0.05 was considered statistically significant. *\*P* \< 0.05, \**\*P* \< 0.01, \*\**\*P* \< 0.001 versus the control, ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01, ^\#\#\#^*P* \< 0.001 versus the combination group.](oncotarget-07-24752-g004){#F4}

Combination of CH12 with rapamycin suppressed EGFR and mTOR pathway and reversed the activation of STAT5 in EGFRvIII^+^PTEN^−^ GBM xenografts {#s2_5}
---------------------------------------------------------------------------------------------------------------------------------------------

To gain further insight into the molecular events occurring in the combination-treated tumor xenograft, certain key signaling molecules of EGFR or mTOR pathway were examined by Western blot analysis. The phosphorylation levels of p70s6k and 4E-BP-1 in the combination treatment cells were lower than those in the CH12 groups, and the phosphorylation of STAT5 was also significantly inhibited compared with the rapamycin group (Figure [5A and 5B](#F5){ref-type="fig"}).

![Combination of CH12 with rapamycin suppressed the EGFR and mTOR pathways and STAT5 activation in EGFRvIII^+^PTEN- glioblastoma xenografts\
(**A**, **B**) The signaling events were evaluated by Western blot upon intraperitoneal treatment with control (vehicle), rapamycin at a concentration of 0.2 mg/kg four times per week, CH12 at a concentration of 2 mg/kg three times per week or the combination for 2 weeks in U251-EGFRvIII cells (A) and treatment with control (vehicle), rapamycin at a concentration of 0.5 mg/kg four times per week, CH12 at a concentration of 10 mg/kg three times per week or the combination for 2 weeks in U87-EGFRvIII cells (B). (**C**, **D**) STAT5b and EGFRvIII nucleus translocation was tested by Western blot following intraperitoneal treatment with control (vehicle), rapamycin, CH12 or the combination for 2 weeks in U251-EGFRvIII (C) and U87-EGFRvIII cells (D).](oncotarget-07-24752-g005){#F5}

Activated STAT5 dimers bind to specific DNA response elements in the promoter region of target genes in the nucleus and regulate various cellular responses, including growth, migration, survival, and cell motility \[[@R31]\]. To determine the role of STAT5 in rapamycin resistance in EGFRvIII^+^PTEN^−^ GEM, the STAT5 siRNA was applied together with rapamycin to treat GBM. The results illustrated that the combination of STAT5 siRNA and rapamycin significantly enhanced the antitumor effect of rapamycin on U251-EGFRvIII and U87-EGFRvIII cells ([Figure S2A and S2B](#SD1){ref-type="supplementary-material"}), and STAT5 phosphorylation was significantly inhibited in STAT5 siRNA and the combination group (Figure [2C and 2D](#F2){ref-type="fig"}). These results further demonstrated that STAT5 activation contributed to rapamycin resistance in EGFRvIII^+^PTEN^−^ GEM.

It has been reported that the STAT5b/EGFRvIII complex can translocate to the nucleus and promote the translation of the anti-apoptosis protein BCL-XL \[[@R33]\]. Therefore, we examined the nuclear translocation of EGFRvIII and STAT5b. The results showed that combination treatment inhibited their nuclear translocation (Figure [5C and 5D](#F5){ref-type="fig"}) and reduced the expression of Bcl-XL (Figure [6G](#F6){ref-type="fig"}). Together, the combination of rapamycin and CH12 inhibited the AKT, ERK and STAT5 pathways more efficiently compared with rapamycin, and the combination treatment inhibited STAT5b and EGFRvIII nuclear translocation and reduced Bcl-XL expression.

###### Combination of CH12 with rapamycin reduced proliferation and angiogenesis and induced tumor cell apoptosis

(**A**) Combination of CH12 with rapamycin treatment led to less growth compared with controls in U251-EGFRvIII and U87-EGFRvIII xenografts. Tumor sections were stained for Ki-67. The cell proliferative index was assessed as the percentage of total cells that were Ki-67-positive from six randomly selected high-power fields (200 ×) in the xenografts from six mice of each group. (**B**) The qualitative analysis of Ki-67 staining. (**C**) Combination of CH12 with rapamycin led to less vascularization compared with control in U251-EGFRvIII and U87-EGFRvIII xenografts. Tumor sections were immunostained with anti-CD34 antibody. MVD values were analyzed by measuring the number of stained microvessels from six randomly selected fields (200 ×) in the xenografts from six mice of each group. (**D**) The qualitative analysis of CD34 staining. (**E**) Combination of CH12 with rapamycin led to an increase in apoptosis compared with controls in U251-EGFRvIII and U87-EGFRvIII xenografts. Apoptotic cells were detected using the TUNEL assay. The apoptotic index was assessed by the ratio of TUNEL-positive cells : total number of cells from six randomly selected high-power fields (200 ×) in the xenografts from six mice of each group. (**F**) The qualitative analysis of TUNEL assay. (**G**) The signals related to apoptosis were evaluated by Western blot following treatment with CH12, rapamycin or the combination in U251-EGFRvIII and U87-EGFRvIII xenografts. The data are expressed as the mean ± SD. *P* \< 0.05 was considered statistically significant. \**P* \< 0.05, \*\**P* \< 0.01, \*\**\*P* \< 0.001 versus the control, ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01, ^\#\#\#^*P* \< 0.001 versus the combination group.

![](oncotarget-07-24752-g006a)
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Combination of CH12 with rapamycin potently reduced proliferation and angiogenesis and induced apoptosis in EGFRvIII^+^PTEN^−^ glioblastoma {#s2_6}
-------------------------------------------------------------------------------------------------------------------------------------------

To further elucidate the causes underlying the *in vivo* synergistic activity of rapamycin and CH12, the proliferative index, tumor microvessel density, and the apoptotic index were evaluated. The proliferative index was significantly lower in the combination-treatment group than the control group and the monotherapy groups (*P* \< 0.01 monotherapy versus combination; Figure [6A, 6B](#F6){ref-type="fig"}). The number of CD34-positive microvessels in the combination-treatment group was also significantly less than in the monotherapy groups (*P* \< 0.05 monotherapy versus combination; Figure [6C, 6D](#F6){ref-type="fig"}). TUNEL staining demonstrated a significant increase in the number of apoptotic cells in the combination-treatment group compared with the monotherapy groups (*P* \< 0.01, Figure [6E and 6F](#F6){ref-type="fig"}). Consistently, cleaved caspase 3 and cleaved PARP increased distinctly, and the expression of Bcl-XL, which typically inhibits apoptosis, was reduced (Figure [6G](#F6){ref-type="fig"}). Together, these data suggested that rapamycin and CH12 combination therapy had a stronger effect on reducing tumor proliferation and angiogenesis and inducing tumor cell apoptosis, leading to synergistic tumor growth inhibition.

DISCUSSION {#s3}
==========

GBM is the most frequent and aggressive form of primary brain tumor. The current standard of care for GBM consists of surgical removal, radiotherapy, and adjuvant chemotherapy (typically temozolomide); however, despite these interventions, the prognosis is still poor, with a mean survival time of 16--19 months following diagnosis \[[@R3]--[@R5]\]. EGFRvIII, expressed in approximately 30% of GBM tumors, correlates with poor prognosis in the clinic. The therapeutic antibody directly targeting EGFRvIII suggested significant efficacy in EGFRvIII^+^ GBM xenografts \[[@R20]\]. In recent years, however, drugs targeting EGFR or VEGFR, such as cetuximab, gefitinib, or bevacizumab, have shown limited activity in most clinical trials in GBM patients \[[@R34]--[@R36]\]. Thus, it is urgent to find novel treatment strategies to increase the efficacy of the EGFR or VEGFR inhibitor in patients with GBM.

The deficiency of the tumor suppressor gene PTEN in nearly half of GBM cases is a critical cause contributing to EGFR or VEGFR inhibitor-resistance and correlating with the reduced survival of patients, as this is associated with increased activity of the PI3K/Akt/mTOR pathway \[[@R23], [@R26]\]. Therefore, inhibition of the mTOR signaling pathway has been considered to be an attractive treatment strategy for PTEN^−^ GBM \[[@R24], [@R27]\].

Considering that EGFRvIII expression in GBM often is accompanied with PTEN deficiency, which abates the efficacy of EGFRvIII inhibitors \[[@R37]\], combining an EGFRvIII inhibitor and an mTOR inhibitor might be a potential strategy for EGFR^+^PTEN^−^ GBM. In this study, CH12 and rapamycin were used alone or combined together to treat EGFRvIII^+^PTEN^−^ GBM. Our results showed CH12 inhibited the tumor growth of U251-EGFRvIII and U87-EGFRvIII xenografts *in vivo* and inhibited EGFR downstream signals, including the phosphorylation of AKT, ERK (partially) and STAT5, but had no effect on the critical mTOR pathway (Figure [1](#F1){ref-type="fig"}). Rapamycin treatment also delayed the growth of U251-EGFRvIII and U87-EGFRvIII xenografts *in vivo*; however, although the mTOR pathway was inhibited, the phosphorylation of AKT and STAT5 were obviously upregulated (Figure [2](#F2){ref-type="fig"}). Previous reports suggested that rapamycin lacked effective activity against mTORC2 and induced feedback activation of AKT survival pathways in many tumor types, including GBM \[[@R38]--[@R40]\], and the activation of STAT5 by mTOR inhibition was also observed in metastatic breast cancer \[[@R41]\].

Several characteristics associated with GBM malignancies, including invasion, treatment resistance and immunosuppression, have recently been associated with signaling pathways converging on a small number of transcription factors, including the STAT family. STAT5, a latent cytoplasmic protein, has been reported to be associated with the malignant transformation of hematological malignancies, breast cancer, prostate cancer and glioblastoma \[[@R32], [@R42]--[@R44]\]. STAT5 comprises two highly homologous isoforms, STAT5a and STAT5b, which exert not only overlapping, but also distinct functions \[[@R45]\]. STAT5b was identified as the predominant isoform in glioblastoma, particularly in EGFRvIII expressing cells associated with tumor aggressiveness and increased cell invasion \[[@R46]--[@R48]\]. STAT5b phosphorylation at Y699 was associated with poor outcome in glioblastoma and interacted with EGFRvIII in the nucleus of glioma cells, and this complex has been found to associate with promoter sequences and regulate gene expression \[[@R33]\]. Importantly, STAT5b is a key regulator of Bcl-XL, which contributes a lot to EGFRvIII-mediated resistance to DNA-damaging chemotherapeutic agents \[[@R49]\]. Accordingly, the knockdown of STAT5b suppressed transformation by EGFRvIII and sensitized glioblastoma cells to cisplatin-induced apoptotic death \[[@R49]\].

Considering the feedback activation of STAT5 by rapamycin, it is reasonable to use CH12, which could suppress the phosphorylation of STAT5, together with rapamycin. The combination of CH12 with rapamycin demonstrated significantly stronger antitumor effects than monotherapy (*P* \< 0.01) in EGFRvIII^+^PTEN^−^ s.c. glioblastoma xenografts as well as in an intracranial model. Our intracranial model study also showed that CH12 monotherapy is better than cetuximab. There was a similar report that the anti-EGFRvIII antibody mAb806 had a better antitumor effect than cetuximab in EGFRvIII-positive tumors \[[@R50]\]. The mechanism study suggested combination treatment significantly inhibited the EGFR, PI3k/AKT/mTOR and STAT5 pathways.

Recent reports suggested the use of bevacizumab and everolimus as part of the first-line combined modality therapy for the GBM-improved, progression-free survival (PFS) of patients, compared to previous reports suggesting standard radiation therapy/temozolomide therapy \[[@R51]\]. Moreover, when temsirolimus was used in combination with erlotinib for patients with recurrent malignant gliomas in a phase I/II study, the maximum tolerated dosage of temsirolimus in combination with erlotinib proved to be lower than expected because of increased toxicity \[[@R52]\]. Thus, antitumor activity was not significant, partly, because of insufficient tumor drug levels and redundant signaling pathways. CH12, targeting EGFRvIII, not detected in normal tissue, which increase the safety window markedly; therefore, the synergistic effect was expected.

Taken together, CH12 was combined with rapamycin, leading to a synergistic tumor-suppression effect on EGFRvIII^+^PTEN^−^ glioblastoma *in vivo* via attenuating EGFR and the PI3K/AKT/mTOR pathway more effectively and reversing STAT5 activation caused by rapamycin treatment. Thus, our study indicated that CH12 in combination with rapamycin might have a potential clinical application in GBM therapy in the future.

MATERIALS AND METHODS {#s4}
=====================

Cell culture {#s4_1}
------------

The human glioblastoma cells U251MG and U87MG were obtained from the American Type Culture Collection. The function of PTEN is deficient in U87MG (*PTEN* deletion in exon 3) and U251MG (*PTEN* frameshift) cell lines \[[@R53]--[@R54]\]. U251MG and U87MG, with exogenous EGFRvIII or luciferase overexpression, were established according to previously reported methods \[[@R55]\]. All GBM cells were cultured in DMEM medium (Gibco, USA) supplemented with 10% fetal bovine serum (Serana, Australia) and maintained at 37°C in a humidified atmosphere of 5% CO~2~.

Reagents {#s4_2}
--------

Rapamycin was purchased from Melonepharma (China). For the injections, stock rapamycin was diluted first in sterile 10% PEG400/8% ethanol and then in an equal volume of sterile 10% Tween-80 for a final concentration of 2 mg/mL \[[@R34]\]. The chimeric mAb CH12 (IgG1) was produced in dihydrofolate reductase-deficient CHO DG44 cells as previously described at 20 mg/mL \[[@R19]\].

Western blotting analysis {#s4_3}
-------------------------

The tumor tissues were surgically excised and frozen in liquid nitrogen and then homogenized in tumor lysis buffer (Prod\# 78510, Thermo, USA); after centrifugation at 12,000 *g* for 10 min at 4°C, the lysates were collected. The protein was quantified using a BCA Kit (Prod\# 23225, Thermo, USA), separated on SDS-PAGE gels at 8%--14% polyacrylamide according to protein weight and blotted onto a PVDF nitrocellulose membrane (Bio-Rad Laboratories, USA). The membrane was blocked in 5% milk in PBST for 1 h and then probed with primary antibodies overnight at 4°C. The following primary antibodies were used: the phosphor-EGFR, EGFR, phosphor-ERK, ERK and Bcl-xL antibodies, which were purchased from Santa Cruz Biotechnology, and the mTOR, phosphor-mTOR, phosphor-4EBP1, 4EBP1, p70S6K, phosphor-p70S6K, cleaved caspase-3, caspase-3, PARP, phosphor-AKT, AKT, Jak1, phosphor-Jak1, STAT5, phosphor-STAT5, STAT3 and phosphor-STAT3 antibodies, which were obtained from Cell Signaling Technology. After washing the membranes in PBST, they were incubated with the appropriate secondary antibodies for 1 h at room temperature, washed three times in PBST and then visualized with enhanced chemiluminescence reagent, following the manufacturer\'s instructions (Prod\# 34080, Thermo, USA).

Tumor xenograft studies {#s4_4}
-----------------------

All mouse experiments were performed in accordance with approved protocols from Shanghai Medical Experimental Animal Care Commission. U87-EGFRvIII (8 × 10^5^) and U251-EGFRvIII cells (2 × 10^6^) in 100 μl of DMEM were injected subcutaneously in the right lateral flank of 6-week-old nude mice. When the tumor volumes reached an average of approximately 100 mm^3^, we treated the mice with vehicle control (three times per week), rapamycin (4 times per week), CH12 (three times per week) or the rapamycin-CH12 combination intraperitoneally. The tumor volumes were measured every three days in two dimensions with vernier calipers. The tumor volumes were calculated using the following formula: length × width^2^ × 0.5. When the experiment was complete, the mice were anesthetized and sacrificed by cervical dislocation. The tumors were surgically excised and weighed. Tumor tissues from the *in vivo* experiments were collected for western blot analysis and immunohistochemical studies.

Intracranial tumor implantation {#s4_5}
-------------------------------

The mice were anesthetized with pentobarbital sodium and placed in a stereotaxic head frame (Kopf, Germany). The injection location was 1.5 mm anterior to the coronal suture, 2.5 mm to the right of the sagittal suture, and 3--3.5 mm below the skull. Approximately 5 × 10^5^ tumor cells tagged with luciferase in a 20-μL mixture of DMEM medium and Matrigel (1:1) were injected over 2 min using a 26--27 gauge syringe (approximately 3 mm deep), and the needle was left in position for 5 minutes and then withdrawn slowly. The muscle and skin were closed with 5--0 silk sutures. If mice showed clinical signs of distress or were moribund at any time during the surgery or recovery, the animals were euthanized by CO~2~ followed by cervical dislocation. Intracranial tumors were measured using an IVIS Spectrum-preclinical *in vivo* imaging system (Xenogen, USA).

Immunohistochemical (IHC) analysis {#s4_6}
----------------------------------

To assess angiogenesis and cell proliferation in the tumors, formalin-fixed paraffin-embedded tumor tissues were immunostained using monoclonal antibodies anti-CD34 (Abcam, Cambridge, UK) and anti-Ki-67 (Santa Cruz Biotechnology, USA). After deparaffinization and rehydration, the tissue sections were incubated with 3% hydrogen peroxide in methanol to quench endogenous peroxidase. The sections were blocked for 30 min with 1% BSA and incubated with the primary antibodies at 4°C overnight. As negative controls, staining was performed in the absence of the primary antibodies. The sections were then washed with PBS and incubated with HRP-conjugated secondary antibodies for one hour. The products were then visualized using a diaminobenzidine staining kit (TIANGEN Biotech, Beijing, China) and counterstained in hematoxylin.

As a measure of proliferation, the Ki-67 labeling index was determined as the ratio of (labeled nuclei)/(total nuclei) in high power fields (200 ×). Approximately 2,000 nuclei were counted in each case by systematic random sampling.

The microvessel density (MVD) was determined by measuring the number of stained microvessels in each section from six mice of each group as described \[[@R57]\]. The mean microvessel count of the six most vascular areas was taken as the MVD, which was expressed as the absolute number of microvessels per 0.74 mm^2^(200 × field).

TUNEL assay {#s4_7}
-----------

The terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay was performed according to kit instructions (Qia39, Merck, USA). The tumor tissue sections were deparaffinized, rehydrated and incubated with proteinase K (20 μg/mL) for 20 min at 37°C. After several washes with TBS, the specimen was covered in 1 × equilibration buffer for 30 min and then incubated with a mixture of 57.0 μL of Fluorescein-FragEL^™^ TdT Labeling Reaction Mix and 3 μL of TdT Enzyme for 1.5 h at 37°C in the dark. Then, the slides were rinsed in TBS three times. A glass coverslips were mounted using Fluorescein-FragEL^™^ Mounting Media, and the slides were visualized under a fluorescence microscope (OLYMPUS IX71, Japan). TUNEL-positive cells were counted at 200 × magnification. The apoptotic index was calculated as a ratio of (apoptotic cell number)/(total cell number) in each field.

Evaluation of the combination effect {#s4_8}
------------------------------------

The coefficient of drug interaction (CDI) was used to evaluate the combination effect. In the *in vivo* tumor xenograft model, endpoint tumor sizes were analyzed for a combination effect using the formula CDI = (AB/C)/(A/C × B/C), where C is the tumor volume of the vehicle group, A or B is the tumor volume of the antibody monotherapy group, and AB is the tumor volume of the combination group. CDI values \< 1, = 1 or \> 1 indicate that the combination is synergistic, additive or antagonistic, respectively \[[@R58]--[@R59]\].

Statistical analysis {#s4_9}
--------------------

ANOVA (one-way analysis of variance) and the Student\'s *t*-test were used to analyze significant differences between groups under the different conditions. *P* \< 0.05 was considered a statistically significant difference.

SUPPLEMENTARY MATERIALS FIGURES {#s5}
===============================
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